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Multi-electron semiconductor quantum dots have found wide application in qubits, where they
enable readout and enhance polarizability. However, coherent control in such dots has typically
been restricted to only the lowest two levels, and such control in the strongly interacting regime
has not been realized. Here we report quantum control of eight different resonances in a silicon-
based quantum dot. We use qubit readout to perform spectroscopy, revealing a dense set of energy
levels with characteristic spacing far smaller than the single-particle energy. By comparing with
full configuration interaction calculations, we argue that the dense set of levels arises from Wigner-
molecule physics.
Semiconductor quantum dots containing more than
one electron have extremely desirable properties for con-
structing and operating qubits. For single spin qubits,
manipulating electrons above closed shells makes electric-
field driving more effective [1, 2], and certain qubits like
quantum dot hybrid qubits [3] rely on multielectron fill-
ing to define the qubit states themselves. Two-electron
eigenstate energies are particularly important for quan-
tum dot qubits, since singlet-triplet splittings result in
Pauli spin-blockade [4], which provides a readout mech-
anism for singlet-triplet qubits [5–7], exchange based
qubits [8, 9], and quantum dot hybrid qubits [3, 10].
Pauli blockade can also be used to read out single spin
qubits [11], which is useful for high temperature oper-
ation [1, 12, 13]. When the characteristic interaction
energy between electrons becomes larger than the or-
bital confinement energy, electronic states develop corre-
lations and localize, leading to the formation of Wigner
molecules [14–19]. Imaging of localization in Wigner
molecules has been achieved using scanning electronic
[20] and near-field optical [21] methods. The lowest-lying
excited states in such molecules have been studied using
both optical [22, 23] and transport spectroscopy [24, 25],
and the latter method has been used to observe a reduc-
tion in symmetric-antisymmetric orbital splittings [26].
Thus, while the transition to Wigner-type localization is
known to reduce the gap between the ground and first or-
bital excited state, the impact on higher lying states has
not been observed in experiment, and quantum control
of such states has not been explored.
In this Letter we report pulsed microwave coherent
control and spectroscopy of an electrostatically-confined
semiconductor double quantum dot in the Wigner-
molecule regime. We report coherent Rabi control of
eight distinct resonances ranging in frequency from 3.3 to
8.3 GHz, corresponding to energies far smaller than the
single-particle confinement energy. With Ramsey spec-
troscopy, we map the energy as a function of double-dot
detuning for two of these resonances. Using full configu-
ration interaction (FCI) calculations, we argue that the
origin of this dense manifold of electronic states is strong
correlations and Wigner molecule physics. Time-domain
simulations of the Rabi experiments are used to explain
the evolution of the Rabi oscillations as a function of de-
tuning energy. The full set of experimental spectroscopy
results can be fit by a simple model consisting of a set
of two-electron states in the right quantum dot tunnel
coupled to the lowest lying state in the left dot.
Fig. 1(a) describes the quantum dots used here, which
form in an undoped Si/SiGe heterostructure with three
layers of overlapping gates [27]. Fabrication details can
be found in Ref. [28]. While the device is capable of host-
ing three dots, here we make use of the two dots under
gates P1 and P2, accumulating the rightmost dot as part
of the electron reservoir. We operate the double quantum
dot (DQD) with a total of five electrons near the (4,1)-
(3,2) anticrossing, as shown schematically in Fig. 1(b-d).
Tunnel rates between the two dots and to the left and
right reservoirs are set by gates B1, B2, and B3. Charge
sensing is performed with dot CS, and its current is mea-
sured using a two-stage cryogenic HEMT amplifier [29]
mounted on a separate printed circuit board (PCB) con-
nected to the sample PCB by stainless steel coax.
We initialize at setting I, shown in Fig. 1(b), into the
(4,1) ground state, which has a large splitting between
the ground and first excited states. We ramp the de-
tuning across the interdot transition line to a manipu-
lation point (M) in positive detuning where we perform
microwave pulse sequences. Rabi and detuned Ramsey
pulses at M drive coherent rotations between states in
the (3,2) DQD. To perform readout, we adiabatically
ramp back across the interdot transition line: while the
(3,2) ground state maps to the (4,1) ground state (R0),
the (3,2) excited states maintain their charge configura-
tion (R1). Latched measurement [30] is used to enhance
readout: an electron in the right-hand dot of the (3,2)
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FIG. 1. (a) A false-color micrograph of a device lithographically identical to that measured here. Quantum dots are formed
under P1 and P2. A current ICS flows under the dot controlled by gate CS and is used to detect the electron occupation of the
P1 and P2 dots. (b) The ground state for the 5-electron system at negative detuning ε is the (4,1) charge configuration. It is
used for initialization I and during readout R0. (c) The tunnel rates to the left and right reservoirs are tuned such that (3,1)
state is metastable, allowing for latched readout. (d) The ground state for the 5-electron system at positive detuning such that
the double dot is in the (3,2) charge configuration, used for manipulation M and readout R1. (e) Rabi pulse sequence used in
this work. (f) Ramsey pulse sequence used in this work, comprised of two pi/2 pulses on either side of a detuning pulse. (g-j)
Rabi and detuned-Ramsey measurements of two coexisting states. (g,h) Rabi and Ramsey oscillations using fR = 8.33 GHz.
(i,j) Rabi and Ramsey oscillations using fR = 7.30 GHz, taken at the same device tuning but different detuning value from
(g,h). For the Rabi measurements in (g, i), δVP2 corresponds to a shift of the entire pulse sequence, while for the Ramsey
measurements in (h,j), δVP2 corresponds to the height of the detuned dc pulse between the microwave bursts. Dashed white
lines in (h,j) denote the value of δVP2 for which the Ramsey detuning is zero.
charge state at R1 rapidly tunnels into the right reservoir
to form the metastable (3,1) charge state before slowly
returning to the (4,1) ground state. The latch duration
is determined by the left barrier, which is tuned to have
a long tunnel time.
Figure 1(e-j) demonstrate coherent spectroscopy of two
different transitions of the DQD, using the methods from
Ref. [31]. Fig. 1(e,f) shows the Rabi and Ramsey con-
trol pulses; the Rabi pulse consists of one continuous mi-
crowave drive of frequency fR, while the Ramsey pulse
has two pi/2 microwave pulses of frequency fR surround-
ing a dc detuning ramp. The resulting Rabi and Ramsey
oscillations are shown in Fig. 1(g,h) and Fig. 1(i,j) for
fR of 8.33 GHz and 7.30 GHz, respectively. The vertical
axis δVP2 determines the detuning, and the centers of the
Rabi chevrons in Fig. 1(g,i) correspond to the detuning
values where fR is resonant with the transition energy.
Ramsey fringes like those in Fig. 1(h,j) allow measure-
ment of the energy difference as a function of detuning
(Fig. S1 in Ref. [32]).
Figure 2 shows Rabi oscillations with two distinct res-
onances visible in the same plot. In Fig. 2(a), the Rabi
drive frequency fR = 6.15 GHz, and the detunings cor-
responding to on-resonance oscillations are indicated by
the white dashed lines in the figure. As the driving fre-
quency is reduced to 6.10 GHz (Fig. 2(b)), the centers of
the Rabi patterns move closer together, and in Fig. 2(c)
the oscillations overlap at δVP2 = 1 mV. Numerical sim-
ulations of these oscillations are shown in Fig. 2(d-f),
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FIG. 2. (a) Rabi oscillations with fR = 6.15 GHz, with the
centers of two on-resonance oscillations marked by a dashed
line. (b) Rabi oscillations with fR = 6.10 GHz. Note that
the two resonances move closer together along the detuning
axes, as compared with (a). (c) Rabi oscillations with fR =
6.00 GHz, where the on-resonance locations have completely
merged. (d-f) Simulated Rabi oscillations corresponding to
(a-c) using the simplified model described in Sec. S2 of [32].
3using the model described in Sec. S2 of Ref. [32]. A
key feature of these two oscillations is the difference in
width as a function of δVP2; this behavior is reproduced
in the theoretical model by different slopes for the respec-
tive energy dispersions, where a flatter slope corresponds
to wider oscillations. The unusual merging of the reso-
nances is reproduced in the model with a level-crossing,
which we discuss further below.
Figures 1 and 2 above report four resonances as a func-
tion of the gate voltages defining the quantum dot. Ad-
ditional Rabi measurements over a wide range of fre-
quencies are included in Fig. S2, S3 of Ref. [32]. In
total this data demonstrates Rabi driving of eight dis-
tinct transitions below 10 GHz, an unusual density of
resonances that cannot be described by non-interacting
two-electron physics. We must therefore consider how
electron-electron interactions influence the excited en-
ergy level spectrum.
Here, we use FCI methods to compute the energy levels
in the two-electron quantum dot [18]. We find that the
best correspondence between theory and experiment is
achieved by assuming a valley splitting of 3.81 GHz and
an orbital confinement Eorb/h = 59.2 GHz. It is inter-
esting to first consider the noninteracting case, for which
the lowest singlet state is constructed from the two low-
est single-electron orbitals, while the lowest triplet is con-
structed from the ground and first excited states. We ob-
tain these and the other low-lying, non-interacting two-
electron eigenstates by simply turning off the Coulomb
interactions in the FCI code, obtaining the yellow points
in Fig. 3(a). In contrast, the fully interacting case is
shown in blue (Sec. S4 in Ref. [32] and Ref. [33]). For
the fully interacting case, when interactions are larger
than valley or orbital excitation energies, the eigenstates
are composed of contributions from many single-electron
states. In Fig. 3(a), we observe the emergence of level
manifolds; for eigenstates within a given manifold, single-
particle contributions and electron correlation effects can
be very similar in magnitude, and opposite in sign, result-
ing in a much smaller energy difference than in the non-
interacting limit (Sec. S5 in Ref. [32]). For the parame-
ters considered here, strong interactions yield a dense set
of levels, with a total of 19 excited states below 50 GHz,
instead of the two states obtained in the noninteracting
limit. Interactions also suppress the energy splitting be-
tween the two lowest energy states to below 1 GHz.
Wigner molecules with localized electrons are known
to arise in systems with a high ratio RW = Eee / Eorb
between the electron-electron interaction energy Eee and
the energy of the lowest quantum dot orbital excita-
tion energy Eorb. Typical estimates for the formation
of Wigner molecules are of order RW = 1.5 [21–24, 26].
Here, using Eorb, we find RW = 12.74, consistent with
the formation of a Wigner molecule (Sec. S5 in Ref. [32]).
The estimate for Eorb used to compute RW also yields
a dot radius of 40 nm, derived from the classical turn-
ing point
√
~/(mtωx), giving an 80 nm diameter that
is consistent with a quantum dot situated in a 90 nm
channel underneath a gate 70 nm wide. We note that,
if we use any of the two-electron excited state energies
reported here to estimate the dot diameter in a nonin-
teracting electron model, it would give a dot diameter
over 200 nm, much larger than the size expected from
the physical dimensions of the electrostatic gates in the
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FIG. 3. Interaction effects. (a) Excited state energies for a two-electron parabolic dot described by the energy ~ωx, with
ωx/2pi = 9.2GHz (~ωy = 1.07 ~ωx), calculated usi g FCI with (blue) and without (yellow) i teractions. b-e) Electro density
for the blue levels in (a) with each panel corresponding to a boxed cluster of levels with the corresponding border style.
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Figure 3(b-e) shows electron density plots correspond-
ing to the blue energy levels in Fig. 3(a), separated into
four different manifolds, as indicated by the solid, dashed,
and dotted bounding boxes. It is clear that these Wigner
molecule eigenstates cannot be easily constructed from
low-energy, single-electron orbital states. This manifold
structure also helps to explain the energy spectrum in
Fig. 3(a), since the gaps in the calculated spectrum cor-
respond to changes in the spatial pattern of electron lo-
calization. Energy separations within a given manifold
can be attributed to slight differences in orbital configu-
rations and to varying contributions from valley excita-
tions. Larger energy gaps between the manifolds corre-
spond to characteristic changes in the electron localiza-
tion.
Figure 4(a) shows the eigenvalues of a simple Hamil-
tonian (Eq. S3 of Ref. [32]) motivated by the energy
levels reported in Fig. 3, which we use to fit the Rabi
and Ramsey data reported in this work. In Fig. 4(b) we
plot in teal the difference in energy between the ground
and excited states; we plot in yellow the difference be-
tween these same states and the first excited state energy
(E1/h = 0.75 GHz). Although we do not directly ob-
serve this state, E1, its presence is motivated by the FCI
calculations described above, and we infer its existence
and energy for reasons discussed below and in Sec. S6 of
Ref. [32]. In the experiments, this state has nonzero ini-
tialization occupation both because of non-adiabaticity
of the pulse sequence (Sec. S7 in [32]) and because of
thermal excitation caused by electron temperatures of
about 100 mK (kBT = 2.1 GHz).
The data shown in Fig. 4(b) correspond to all the Rabi
and Ramsey spectra reported in this work, as described
in the legend. We plot the spectra from Fig. 1(h,j) as
purple circles and green triangles, and we fit to them the
transitions E05 and E15, corresponding to the differences
between the ground and first excited states to the fifth
excited state. The resonant frequencies from Fig. 2(a-
c) are shown as navy blue diamonds (for the resonance
that moves up between Fig. 2(a) and Fig. 2(c)) and pink
diamonds (for the resonance that moves down between
Fig. 2(a) and Fig. 2(c)). As discussed earlier, these points
merge with decreasing fR, providing additional evidence
that these Rabi oscillations are driven from the ground
and first excited state; if these two resonances belonged
to the same dispersion, they would merge into a single
chevron at the dispersion minimum instead of overlap-
ping, as observed in Fig. 2(c) and Fig. S2 of Ref. [32]. If
both transitions occurred as excitations from the ground
state, a level crossing would only occur if one of the tun-
nel couplings was anomalously low (≤ 0.1 GHz) which is
not supported by the shape of the Ramsey spectra. Fi-
nally, the light blue squares in Fig. 4(b) show energies
corresponding to Rabi oscillations reported in Fig. S3 of
Ref. [32]. The density of transitions in frequency space
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FIG. 4. (a) Energy eigenvalues of a model Hamiltonian
motivated by the electron interaction effects reported here.
Measurement locations from Fig. 1 are indicated. (b) Excited
state spectra of the model Hamiltonian. The teal lines are the
energy differences between the ground state and energy level
n, defined in (a); the yellow lines are differences between the
first excited level and the same energy levels in (a). Symbols
plotted correspond to frequencies extracted from experiment,
as described in the legend.
as compared with the FCI calculations support the ne-
cessity to consider both E0 and E1 transitions. In total,
Fig 4 summarizes the coherent control of eight different
resonances in this Wigner molecule.
For the quantum dot hybrid qubit, it is useful to be
able to tune the singlet-triplet splitting, where the ener-
gies of interest are bounded by temperature on the low
end and ease of microwave engineering on the high end.
For silicon dots, the non-interacting singlet-triplet energy
is given by the valley splitting, which depends on lat-
eral confinement only through wavefunction overlap with
interface roughness [34]. For strongly interacting elec-
trons, this valley-like eigenstate gains contributions from
many orbital levels, each of which depends strongly on
lateral confinement. As we show in Fig. S5(b) of Ref. [32],
the singlet-triplet splitting becomes strongly tunable in
the presence of interactions. For the parameters consid-
ered here, varying the lateral confinement strength from
55 GHz to 90 GHz in the presence of interactions re-
sults in singlet-triplet splittings ranging from 0.18 GHz
5to 4.42 GHz, a variation of more than a factor of 20;
in the non-interacting case this energy varies by only a
factor of 2.6.
In conclusion, we have demonstrated coherent manipu-
lation of a dense ladder of Wigner molecule energy levels.
Eight transitions are controlled coherently using Rabi
pulse sequences, and two levels are explored in more de-
tail using Ramsey pulse sequences. A six-level model mo-
tivated by both experiment and FCI calculations is pre-
sented. The presence of such a Wigner-molecular regime
with Eee  Eorb provides an additional tool for control-
ling the energy splittings in gate-defined quantum dots,
enabling small changes in confinement to have a large
impact on the energy splitting between adjacent levels.
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6SUPPLEMENTARY MATERIAL FOR ‘COHERENT CONTROL AND SPECTROSCOPY OF A
SEMICONDUCTOR QUANTUM DOT WIGNER MOLECULE’
S1: Additional information for Figure 1
The data in Fig. 1 presents two distinct dispersions
that are individually addressable. To produce Fig. 1(h),
we averaged three data sets taken consecutively, as shown
in Fig. S1(a). Additional data at low detuning is seen in
Fig. S1(b). The purple circles in Fig. 4(b) are produced
by fitting the resulting data from Fig. S1(a,b) for the fre-
quency of oscillation. Similarly, to produce Fig. 1(j) we
averaged the data shown in Fig. S1(c). Additional data
taken at high detuning is shown in Fig. S1(d). Since
the two plots in Fig. S1(d) are at different time steps,
these data are first fit for their oscillation frequencies
and the two fits are averaged together. The green trian-
gles in Fig. 4(b) are produced by fitting the results from
Fig. S1(c,d).
The differences in size of the Rabi oscillations in
Fig. 1(g,i) and the differences in shape between Fig. 1(g,i)
and Fig. 1(h,j) for the two microwave frequencies are in-
dicative of two distinct energy levels. In order to map
the resulting dispersions from Fig. 1(h,j) relative to each
other, Fig. 1(g,i) are repeated at the same detuning,
achieved using the microwave drives of fR = 8.33 GHz
and fR = 6.75 GHz, as shown in Fig. S1(e,f). Rabi fre-
quencies extracted from Fig. S1(e,f) are represented in
Fig. 4(b) by including the fR = 6.75 GHz magenta star
at the same detuning as the fR = 8.33 GHz orange star.
Though we do not observe off resonant oscillations from
one spectrum in measurements of the other, it does ap-
pear that the region of suppressed coherence in Fig. S1(e)
is the region of enhanced coherence in Fig. S1(f) and visa
versa.
The resonance in Fig. S1(f) belongs to the same energy
level as that in Fig. 1(i), as can be seen by comparing
Ramsey spectroscopy taken at the two fR locations, as
shown in Fig. S1(g,h). The general shape of the data
in Fig. S1(g,h) is consistent, and the only difference is a
relative shift in δVP2 by 0.96 mV. To produce the points
in Fig. 4(b), we shifted the data in Fig. S1(d,h) by δVP2
= 0.96mV so that they match the detuning in Fig. S1(g),
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FIG. S1. Ramsey oscillation data averaging and alignment. (a) Ramsey oscillations with fR = 8.33 GHz taken consecutively.
These data are averaged together to produce Fig. 1(h). (b) Ramsey oscillations with fR = 8.33 GHz taken consecutively.
These data are averaged together, and the resulting oscillations, in addition to those from (a), are fit to produce the purple
circles in Fig. 4(b). (c) Ramsey oscillations with fR = 7.30 GHz taken consecutively. These data are averaged together to
produce Fig. 1(j). (d) Ramsey oscillations with fR = 7.30 GHz taken consecutively. The oscillations in these data are fit and
the corresponding fits are averaged together. Those points, in addition to those resulting from fitting (c), produce the green
triangles in Fig. 4(b). (e) Rabi oscillations for the same resonance as Fig. 1(g), with fR = 8.33 GHz. (f) Rabi oscillations for
the same energy level as Fig. 1(i) but a different detuning, now with fR = 6.75 GHz. This data set is taken directly after (e),
with the only change being the microwave drive. The centers of the two chevrons both correspond to δVP2 = 1.1 mV. (g)
Ramsey fringes corresponding to the resonance in (f) taken at fR = 6.75GHz. (h) Ramsey fringes,taken at a different detuning,
with the same fR = 7.3 GHz as Fig. 1(j). With the dispersion minima as reference, we use frequency data extracted from (h),
and shift it accordingly so it reflects the detuning location in (g). This allows us to plot in Fig. 4(b) the coexistance of both
dispersions. The white dashed lines in (a,c,d,g,h) denote the value of δVP2 for which the Ramsey detuning is zero.
7Rabi Time (ns)
Rabi Time (ns)
200
0
1
2
3 6.20 GHz
0.8
0.4
dI
C
S/
dV
P2
 (
a.
u)
b
δV
P2
 (
m
V
)
0
1
2
3 6.30 GHz
dI
C
S/
dV
P2
 (
a.
u)
0.0
0.4
0.8
a
Rabi Time (ns)
200
δV
P2
 (
m
V
)
f g h
δV
P2
 (
m
V
)
0
1
2
3
0 10
Rabi Time (ns)
dI
C
S/
dV
P2
 (
a.
u)
0.2
0.6
1.2
5.90 GHz
0 10
Rabi Time (ns)
6.00 GHz
0 10
Rabi Time (ns)
6.15 GHz
c d e
dI
C
S/
dV
P2
 (
a.
u)1.2
1.6
0.8
0.4
2
δV
P2
 (
m
V
)
Rabi Time (ns)
0 20
0
1
5.90 GHz 5.85 GHz 5.80 GHz
Rabi Time (ns)
0 20
Rabi Time (ns)
0 20
★
★
●
● ●
●
● ●
◆◆
▲
▲
▲ ▲
▲ ▲
0 1 2
5.8
6.
6.2
δVP2(mV)
Fr
eq
ue
nc
y(GH
z)
i
δVP2 (mV)
5.8
6.0
6.2
Fr
eq
ue
nc
y 
(G
H
z)
FIG. S2. Additional level crossing data corresponding to the dark blue diamonds in Fig 4(b). (a,b) Rabi oscillations at fR =
6.30GHz and fR = 6.20GHz . (c, d)Additional Rabi oscillations at fR = 6.15GHz and fR = 6.00GHz used to combine multiple
sets of data with different VP2 offsets. (e,f) Rabi oscillations with fR = 5.90 GHz, again used for combining multiple data sets.
(g) Rabi oscillations with fR = 5.85 GHz. (h) Rabi oscillations with fR = 5.80 GHz. (i) All of the data from the navy and pink
diamonds in Fig 4(b). Different markers correspond to data taken consecutively before device drift, as described in Table S2.
Blue and orange lines correspond to the interpolation functions f(ε) and g(ε), respectfully, which are described in section S2.
as experimentally measured. The data in Fig. 4(b) is
converted from gate voltage to detuning with a detuning
alpha of αε,P2 = 0.085± 0.009.
S2: Additional information on data and simulation
for Figure 2
TABLE S1. Sets of on-resonance oscillations discussed in
Fig. 2 and Fig. S2. Each set is separated by a line.
Set1 Set2
fR (GHz) Figure fR (GHz) Figure
6.30 Fig.S2(a) 6.15 Fig.2(a)
6.15 Fig.S2(c) 6.10 Fig.2(b)
6.00 Fig.S2(d) 6.00 Fig.2(c
5.90 Fig.S2(e) 5.90 Fig.S2(f)
Set3 Set4
fR (GHz) Figure fR (GHz) Figure
5.85 Fig.S2(g) 6.20 Fig.S2(b)
5.80 Fig.S2(h) -
Figures 2 and S2 contain all the data used to extract
the navy blue and pink diamonds in Fig. 4(b). Each
diamond in Fig. 4(b) represents the center of a Rabi os-
cillation for a given drive frequency. As seen in Fig. 2,
S2, many of the data sets have two clear on-resonance
oscillations. In these cases, both centers are plotted with
the same frequency and different value of δVP2. All of
the extracted data from these two figures can be seen in
Fig. S2(i), where the different markers correspond to dif-
ferent sets of data taken consecutively (before the device
shifted). These sets are enumerated in Table S1. The
uncertainty in Fig. S2(i) is the uncertainty in the center
of the oscillation, while the uncertainty in these points in
Fig. 4(b) includes uncertainty in their location relative
to zero double-dot detuning.
The Rabi measurements shown in Fig. 2 indicate multi-
level structure. We find that the best model that repro-
duces the main features of the experimental measure-
ments in a simple way consists of four relevant states:
two partially populated lower levels, separated by a small
energy E01, that make transitions to two excited states
under detuning driving fields. The effective Hamiltonian
of this four-level system is
Htoy0 =

0 0 0 0
0 E01 0 0
0 0 f(ε) 0
0 0 0 g(ε) + E01
 , (S1)
where f(ε) and g(ε) are interpolation functions based on
the energy measurements, shown as blue and orange lines
in Fig. S2(i). We set E01/h = 3 GHz, which is compat-
ible with the small energy gap between the lowest two
states observed in the experiment and large enough to
avoid undesired interactions. The driving field is charac-
terized by
Htoy1 = δε cos(ωt)

0 0 R02 0
0 0 0 R13
R02 0 0 0
0 R13 0 0
 (S2)
where R02 and R13 are fitting parameters. The only
other fitting parameter is the ground state population
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TABLE S2. Parameters R02 and R13 from Eq. S2, in addition
to the drive frequency fR and ground state population ρ00,
which are all used for the simulations in Fig. 2(d-f).
Fig.2(d) Fig.2(e) Fig.2(f)
fR (GHz) 6.15 6.1 6.0
R02 × 103 0.443 0.463 0.616
R13 × 103 0.925 0.984 1.626
ρ00 0.7 0.7 0.65
ρ00, assuming ρ11 = 1−ρ00. The fitting parameters used
for each case are shown in Table S2.
We find that an even simpler model, such as a three-
level system with a singly-populated ground state and
two interacting excited states, might also be an explana-
tion. However, the simulations with this simpler model
added more unobserved interference phenomena. We
note that the simple four-level model is rather limited
since the values of the Rabi parameters R02 and R13
should depend on detuning. Moreover, the energy level
landscape is more complicated than a four-level system.
Nevertheless, this simple model captures the main fea-
tures in the measurements.
Finally, to simulate the presence of noise in Fig. 3, we
perform a Gaussian convolution with σε = 7.1µeV. This
number is extracted by averaging the σε =
√
2~
| dEdε |T∗2
com-
puted with T ∗2 and
dE
dε from the 7.30 GHz and 8.33 GHz
resonances shown in Fig. 2.
S3: Additional data for Figure 4
Figure S3, S4 contains the measured Rabi oscillations
corresponding to the plots in Fig 4(b). The data in
Fig. S3 is grouped in four sets, (a-e), (f-i), (j,k), and (l),
as shown in (m). Each set represents a portion of data
that is taken without any drift of the DQD device, and
without changing any pulse-shape parameters besides mi-
crowave frequency. Each extracted point is obtained by
looking at line-cuts in time through the data and esti-
mating the center point of the oscillation in gate volt-
age. Note that all the data in these figures span 3 mV
on the gate which dictates the quantum dot detuning,
P2. The drastic changes in size, shape, and frequency
of these oscillations in the same relative window of de-
tuning supports the interpretation that these oscillations
correspond to different energy level transitions. The data
from (m) is mapped to the detuning axis in (n) by trying
to simultaneously have both (e,i) and (b,k) be as close
as possible. The location of (e,l) relative to the polariza-
tion line, which should be at the zero detuning point for
the DQD, is approximated using their resonant locations
within the latched readout region, stability diagrams and
9the pulse height.
The data in Fig. S4 appears as a purple star in
Fig. 4(b).
S4: Simulation details for Figure 3
The simulation results shown in Fig. 3 are performed
by combining a full configuration interaction (FCI) ap-
proach with the empirical tight-binding (TB) theory of
Boykin et al. [35, 36]. In the TB model, the nearest-
neighbor and the next nearest neighbor hopping param-
eters t1 = 0.6829 and t2 = 0.6119 are chosen such that
the location of the resulting band minima coincide with
the location of bulk silicon’s conduction band minima
and the effective mass, determined by the curvature of
the conduction band at its minima, is equal to the lat-
eral effective mass of bulk silicon. With an additional
hopping parameter t3, chosen such that the transversal
effective mass of bulk Si is obtained, the model becomes
two-dimensional in the x-z plane. We are thus able to
study the effects of different interface profiles by simply
assigning on-site terms ESi and ESiGe to grid points in
different patterns. Resulting wave functions have fast
oscillations in z that are responsible for the breaking of
valley degeneracy, and disorder at the interface causes
valley and orbital degrees of freedom to couple. In the
calculations, we treat the third dimension y analytically
with the assumption that the confinement potential is
parabolic.
While TB provides an accurate description of single
electron wave functions by capturing the valley physics
of silicon and allowing modeling of the quantum well in-
terface disorder, FCI allows us to calculate two electron
energies by including the effects of electron-electron inter-
actions. After adding the spin degree of freedom, we gen-
erate all possible two-electron Slater determinants based
on the 45 lowest energy TB eigenstates, which consti-
tute the basis for the FCI calculation. We calculate the
full Hamiltonian, including the electron-electron inter-
action term (with dielectric constant 11.4 [37]), in this
basis and diagonalize it to obtain the two-electron en-
ergy eigenvalues and eigenstates. For the simulation in
Fig. 3, we used a tilted quantum well interface with a
tilting angle of ∼ 0.2◦, quantum well width of 9.1 nm
and an electric field of 0.6 MV/m perpendicular to the
interface. With these parameters, valley splittings range
from 2.4 to 4.8 GHz (10 to 20µeV) in the considered ~ωx
domain, and in particular is 3.81 GHz (14 µeV) for the
ωx/2pi = 59.2 GHz used in Fig. 3(a). We pick the loca-
tion of the center of the dot with respect to the uniform
steps at the interface to obtain the best agreement with
the experimental data.
S5: Electron-electron interactions
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FIG. S5. (a) Two-electron energy level separation from the
ground state at Eorb/h= 59.2 GHz plotted as a function of the
relative interaction strength (e∗/e)2 (bottom) and Wigner pa-
rameter RW (top), showing suppression of excitation energies
due to electron-electron interactions. (b) Two-electron energy
levels with electron-electron interactions turned off (on) are
plotted in yellow (blue) as a function of orbital confinement.
As described in the main text, the Wigner parameter
RW = Eee / Eorb is used to classify Wigner molecules.
Here we take Eorb = ~ωx and calculate the Coulomb
energy of two point charges separated by the character-
istic length scale of the quantum dot, which is a typical
measure of the electronic repulsion in the system. This
results in Eee =
e2
√
mtωx/~
4pi , where mt is the effective
mass. Using the mt and relative permittivity in Si, with
Eorb/h = 59.2 GHz consistent with the FCI calculations
presented in Fig. 3, we obtain RW = 12.74.
To closely observe the effects of electron-electron in-
teractions on the energy spectrum, we gradually intro-
duce them in our simulations by using an artificial elec-
tron charge e* that ranges from 0 to real electron charge
e. Two-electron energy level splittings from the ground
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state are plotted in Fig. S5 as a function of both (e∗/e)2
and RW. In the absence of electron-electron interac-
tions, the two-electron energy spectrum is dictated by
smaller (5-15 GHz) valley splittings and larger (60 GHz)
orbital splittings. With increasing interaction strength,
two-electron wave functions are formed with contribu-
tions from many excited valley and orbital states, as the
electrons are increasingly driven away from each other.
This hybridization results in densely packed energy levels
in the strong interaction regime, which is seen in Fig. S5.
S6: Choice of Hamiltonian Parameters for Figure 4
TABLE S3. Parameters for Eq. S3 chosen to best fit the data
and percent change in each parameter that degrades the fit.
Energy Tunnel Coupling
En E/h (GHz) δE (%) ∆n ∆/h (GHz) δ∆ (%)
- - - ∆0 6 10
E1 0.75 20 ∆1 1.5 30
E2 4.3 10 ∆2 1.5 30
E3 5.1 8 ∆3 1.5 30
E4 6.1 5 ∆4 1.5 30
E5 9 4 ∆5 10.5 10
The lines in Fig. 4(a) are the eigenvalues of
H =

ε/2 ∆0 ∆1 . . . ∆5
∆0 −ε/2 0 . . . 0
∆1 0 −ε/2 + E1 . . . 0
∆2 0 0
. . . 0
∆3 0 0 . . . 0
∆4 0 0 . . . 0
∆5 0 0 . . . −ε/2 + E5

, (S3)
which describes a system of five excited states in the right
quantum dot coupled to the left quantum dot. The val-
ues for energies En and tunnel couplings ∆n are listed in
Table S3. Though we have a large quantity of data, in-
cluding two detuned-Ramsey measurements of different
levels (Fig. 1(h,j)), Rabi measurements of eight different
levels(Fig. 1(g,i), Fig. S3), and Rabi measurements of two
merging levels(Fig. 2(a-c), Fig. S2), the five-level model
from Fig. 4(b) based on Eq. S3 is still under-constrained.
It has 11 independent parameters: five energies, E1 – E5,
and six tunnel couplings, ∆0 – ∆5.
The detuned Ramsey data from Fig. 1(h) (purple cir-
cles in Fig. 4(b)) provides an approximate value for E5
and ∆5, which respectively govern the high-detuning
asymptote and low-detuning shape of E05. Similarly, the
set of detuned Ramsey data from Fig. 1(j) (green trian-
gles in Fig. 4(b)) places strong constraints on E15. Since
E05−E15 = E01, these two Ramsey sets of data together
constrain the high-detuning asymptote and low-detuning
shape of E01, thereby dictating the values of E1 and ∆0.
With this constraint on E01, the relation E0n−E1n = E01
narrows the values of the other energies E2-E4. Each en-
ergy En has at least two Rabi measurements (one for E0n
and one for E1n) to define its value. Table S3 shows the
percent change in each energy En which degrades the fit.
The individual tunnel couplings ∆1 − ∆4 are not as
firmly constrained as the energy values. However, as all
the eigenvalues are interdependent, the individual tun-
nel couplings as well as the sum of the tunnel couplings
are constrained to be within a certain range. For exam-
ple, having any or all of ∆n too large will push both E01
downward and E05 upward, both of which are well con-
strained, as discussed above. Table S3 shows the percent
change in each tunnel coupling ∆0 and ∆5, as well as the
percent change for all the tunnel couplings ∆1-∆4 which
are set equal, that degrades the fit.
S7: Estimations of excited-state populations
TABLE S4. Expected ground (ρ0) and excited state (ρ1,3)
populations based on the pulse sequence used.
Pulse 1 Pulse 2 Pulse 3 Pulse 4
εh (µeV) 680 646 612 816
tg (ns) 6 6 6 9
ρ0 0.841 0.873 0.872 0.864
ρ1 0.082 0.083 0.082 0.076
ρ3 0.054 0.023 0.026 0.038
In the experiment, the qubit is initialized at very neg-
ative detuning values. In this region, the ground state
is well-separated from the first-excited state, ensuring
proper initialization. To manipulate the qubit, the de-
tuning is pulsed from this region to positive detuning.
Due to the large number of low-lying excited states, some
excited states may be populated during this process. To
estimate the excited-state populations, we simulate the
initialization pulse to the positive detuned regime.
To describe the qubit, we consider the effective model
given by Eq. S3. This model, while an approxima-
tion, provides intuition on the interactions with the ex-
cited states. In the experiment, the initial detuning
value ranges from −400 to −300µeV (−97 to −73 GHz).
Since the experimental pulses go from the negative far-
detuned regime to the positive detuned regime, the ex-
act initial detuning position is not relevant; hence, we
choose ε0 = −350µeV. The simulated pulse is simply
ε(t) = ε0 + εh/tg · t, where εh is the pulse height and tg
the duration of the pulse.
We consider the four different experimental pulses in
Table S4, which are representative of the pulses used in
this work. The three states with the highest initializa-
tion population are also shown in the table. The results
show that the ground state is the most populated, and
that there is non-negligible population in the first excited
11
state, consistent with the experimental results reported
in the main text. The third excited state, which has the
next highest initialization population, is less populated
and not observed in the experiments.
S8: Pulses and pulse corrections
Pulses are generated using a two-channel Textronix
AWG 70002A and changing the relative skew between
the two channels. We perform lock-in measurements at
the frequency with which we modulate on and off the
application of microwave pulses. Each pulse consists of
a short manipulation phase followed by a longer mea-
surement phase of typical duration 1.2 µs. The typical
modulation frequency is around 10kHz. The reported
Ramsey fringes are the amplitude of the lock-in signal
The pulse sequences we use consist of quasi-dc changes
in detuning combined with ac microwave bursts. Because
of the frequency dependent attenuation down the dilution
refrigerator, we apply pulse corrections to make our dc
pulses more similar to the intended shape. We use S21
measurements of the high frequency lines to determine
the frequency dependent attenuation expected. We then
take a FFT for a step function, and weight the spectrum
according to our S21 measurements. An inverse FFT is
taken to obtain the corrected pulse segment, which be-
comes the building block for our new pulse sequence. We
apply the corrected building block for every change in dc
level to our intended dc pulse sequence. This pulse se-
quence visually looks like an overcorrection of the pulse
in order to counteract the measured finite rise-time. We
finally add in any ac components to our pulses. After
these pulse corrections, there is still an observable drift
in the top of the pulse as a function of time for short times
(Ramsey measurements). To place points on Fig. 4(b)
it is important to know the detuning. Thus, we perform
additional post-processing to the Ramsey data by shift-
ing line scans with the function A(1 + be−t/τ ) in order
to align the dispersion minima of consecutive Ramsey
oscillations. This allows us to accurately plot detuned
Ramsey data for small times, such as the purple circles
and green triangles in Fig. 4(b). Here, A is the detuning
pulse amplitude, b = 0.2, and τ = 1.8 ns.
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